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The iso-electronic d4 compounds of the 4d series show rich phase diagrams due to competing spin,
charge and orbital degrees of freedom in presence of strong correlations and structural distortions.
One such iso-electronic series, Ca2−xSrxRuO4, is studied within the GGA (and spin-orbit coupled
GGA) plus DMFT formalism using the hybridization expansion of exact low temperature continuous
time Quantum Monte Carlo impurity solver. While the local dynamical correlations make Sr2RuO4
a Hund’s metal, they drive Ca2RuO4, the compound at the other end of the series, to a Mott
insulating ground state. We study the dynamic and static single-particle and local irreducible
vertex-corrected two-particle responses across the series at three different points (x = 2.0, 0.5, 0.0)
to understand the anomalous cross-over from Hund’s metal (x = 2.0) to a Mott insulator (x = 0)
and find that a structural distortion is likely to be responsible for the cross-over. Further, dynamical
correlations reveal that the band-width (W ) of the Hund’s metal is larger than its effective local
Hubbard U , and a finite Hund’s coupling JH helps it remain in a bad metallic and nearly spin-
frozen state over a large temperature range. Ca2RuO4, on the other hand, is intrinsically driven
to the proximity of a Mott transition due to narrowing of band width (U/W > 1.5), though its
finite temperature excitations indicate bad metallicity. We show that there is a critical end point
of second-order structural transition at x = 0.5, where spin fluctuations become critically singular
and follow the exact scaling of conformally invariant boundary field theory. We also find that this
critical end point of quasi-3D nature is associated with an effective dimensional cross-over between
the x = 2.0 and x = 0.0 quasi-2D structures. Finally we draw a modified magnetic phase diagram
of the material, showing a fan-like region starting from the quantum critical end point at x = 0.5.
PACS numbers: 74.70.-b, 74.25.Ha, 76.60.-k, 74.20.Rp
Materials with strong electronic correlations1,2 can be
realized in partially filled d- and f- electron systems. Phe-
nomena like Mott metal-insulator (MIT) transition3, un-
conventional high-Tc superconductivity
4–6, colossal mag-
netoresistance7–10 are some of the dramatic ones that
arise, solely or partly, due to strong local correlations and
can fall in either of the effective single or multi-orbital
frameworks depending on the active orbitals at the Fermi
level. Correlated materials are realized in many partially
filled d- and f- electron systems and the proximity of
a Mott transition makes some of these materials rather
interesting. At the same time there are multi-orbital
systems such as Ruthenates11,12, iron pnictides13,14 and
chalcogenides17 which are metals with strong correlations
but are not at the border of a Mott insulating phase. The
role of Hund’s coupling18–22 in single and two-particle
responses in many such multi-orbital materials have now
been extensively investigated. The Hund’s coupling leads
to an exponential suppression of the coherence scale of
a multi-orbital metal and leads to a large spin-frozen
non Fermi-liquid phase. Hund’s coupling has profound
and distinct effects on spin, orbital and charge degrees
of freedom. Nearly degenerate d-orbital systems away
from half-filling are driven away from the Mott transi-
tion as the Hund’s coupling prevents opening of a dy-
namical charge gap. These disparate, double-faced na-
ture of Hund’s coupling in controlling the properties of a
correlated metal earned considerable recent interest23.
Ruthenates appear to be tailor-made for investigat-
ing the role of Hund’s coupling at and away from half-
filling. Being 4d-materials, they have less localization
effects than their 3d-counterparts and are relatively less
strongly correlated (Hubbard U lesser than the band-
width).This implies that they are relatively far from the
Mottness. The symmetry of the Ru t2g orbitals favors a
large hybridization with O − p orbitals and leading to a
large splitting between the t2g and eg orbitals. This,
in turn, populates the 3 t2g orbitals with 4 electrons
and leads to a substantially lowered spin state than that
of isoelectronic Manganites. An extensive of study on
the isoelectronic Ruthenates, CaRuO3, SrRuO3
24–27 and
BaRuO3
28,29, reveals that all of them can be regarded
as prototypical examples of Hund’s metal with U values
substantially lesser than the respective bandwidths. All
these systems, being away from half-filling, are driven
far from the proximity of Mott transitions by the Hund’s
coupling JH . The role of Van Hove singularity and JH
have been extensively studied28 in these compounds to
rationalize their electronic and magnetic properties. Rea-
sonable values of U and JH have been gleaned
25,28,29 on
these materials from experimental single and two-particle
features. The ground states and the finite temperature
non-Fermi-liquid states are described within three orbital
LDA+DMFT framework with such values of U and JH .
Large mass enhancement factors25, substantial increment
in the linear specific heat coefficient γ and absence of a
Mott insulating phase are common to all these three ma-
terials. The difference between them, however, concerns
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2the nature of magnetic ground states and Ru-O-Ru bond
angles. The smaller Ca ion leads to a larger rhombo-
hedral distortion (Ru-O-Ru bond angle is 150◦) of the
lattice than that of the rhombohedral GdFeO3 structure
of SrRuO3 (Ru-O-Ru bond angle is 163
◦). The band-
width of CaRuO3 reduces substantially and the density
of states becomes less at the Fermi level leading to a (non-
ferromagnetic) magnetic ground state unlike SrRuO3.
However, both these materials remain Hund’s metals. On
the other hand BaRuO3 has no GdFeO3 distortions with
Ru-O-Ru bond angle 180◦and is perfectly cubic.
This scenario, however, drastically changes for d4
Ruthenates, Sr2RuO4 and Ca2RuO4. While Sr2RuO4
is a p-wave superconductor at around 1.5K (though con-
trary views appeared recently30,31) and a Hund’s metal
at low temperatures, becoming non-Fermi-liquid above
TFL=25K. The isoelectronic member at the other end of
the series, Ca2RuO4, is a Mott insulator with an antifer-
romagnetic (AFM) ground state for T < 113K, a para-
magnet state for T < 356K32 and a bad metal above
356K33 all the way up to ∼ 1300K. Recent studies on
Sr2RuO4 have established the fact that it is non-Fermi-
liquid above 25K, with Curie-Weiss susceptibility, can be
explained satisfactorily within Hund’s metal framework
with U = 2.3eV and J = 0.4eV 16. While the Hund’s
metal picture of this compound seems well settled, it fails
in case of Ca2RuO4
34. The U and JH values for this com-
pound needs to be settled within an LDA+DMFT anal-
ysis by putting the single and two-particle responses to
test against the experimental findings. At the same time
it is interesting to investigate why, instead of having all
the required features of being a tailor-made Hund’s metal
(finite and large J , not half-filled), the system chooses to
become a correlated (Mott) metal. One relevant ques-
tion is whether the smaller Ca ions lead to a larger dis-
tortion of the octahedra. Existing literatures suggest
that the strong distortion of RuO6 octahedra, associated
with rotation, tilting and flattening respectively, drives
the ferro- or anti-ferro-magnetic35 nature of the ground
states of Ca2−xSrxRuO436 and stabilizes them, while in
case of CaRuO3 the distortion is comparatively less be-
cause there is only one Ca ion in the unit cell, instead of
two for Ca2RuO4. But this “large distortion” argument
immediately raises questions: is there an effective dimen-
sional cross-over across the series as one starts replacing
Sr by Ca? As we move across the series (x = 2 to x = 0),
is some kind of quantum critical point encountered? How
do the local charge and spin fluctuations evolve across
the series? Are they critical at any finite x? Keeping
these questions in mind, we would like to focus on the
recently established magnetic phase diagram for the se-
ries37. Our aim is to establish a modified magnetic and
electronic phase diagram for the series, systematically an-
alyzing the structural distortion, dimensional crossover,
spin fluctuations and possible aspects of quantum criti-
cality across this series. Although substantial amount of
experiments for probing charge, spin and orbital sectors
across the phase diagram have been carried out, system-
atic theoretical studies are lacking. Finally We perform
a first-principles calculations (GGA and spin-orbit (SO)
coupled GGA) followed by dynamical mean field theory
using state of the art “exact” continuous time quantum
Monte-Carlo (CT-QMC) impurity solver. We probe both
single- and two-particle vertex-corrected static and dy-
namic responses for this series by using hybridization ex-
pansion of the CT-QMC solver. We first perform ab-
initio density functional theory calculations within GGA
and GGA+SO for Sr2RuO4 using the full potential lin-
earized augmented plane-wave (FP-LAPW) method as
implemented in the WIEN2k code38. At the outset we
discuss the results from only GGA calculations (without
SO). We perform Wannierization of the Wien2k output
bands around the Fermi level via interface programs like
WANNIER9039, WIEN2WANNIER40. This would, in
turn, give us the Wannier orbitals around the Fermi level
which serve as inputs of the DMFT self-consistency calcu-
lation. Similar procedure for the calculations are followed
subsequently for Ca1.5Sr0.5RuO4 and Ca2RuO4. How-
ever, SO coupled GGA is not be performed for these two
compounds (the explicit reason is discussed later). From
the first-principles calculations, we would also try to ad-
dress the role of van hove singularities, effective band
widths of itinerant bands crossing the Fermi level, and
Ru-4d t2g-O-2p hybridization in tuning the local elec-
tronic and magnetic properties of this series. At the
next level, using DMFT, we rationalize our choices of
U and JH for different x, and the role of local correla-
tions in modifying the low energy single- and two-particle
dynamic and static responses.
I. Sr2RuO4 : GGA+DMFT
Experiments suggest that Sr2RuO4 is a metal down
to 1.5K. The bad metallic nature at high temperatures
crosses over to a Fermi liquid at ∼ 25K, followed by
a ∼ 1.5K superconducting transition. The delocalized
Ru 4d-orbitals and a large Ru atomic weight (Z=44)
make SO coupling operative in these materials (as the
SO coupling strength ∼ Z4). Whether a p-wave triplet
instability, derived from a momentum-dependent SO cou-
pling, drives a pairing instability in the material at low
temperatures, has been debated over last two decades.
However, this superconductivity is not the focus of our
local DMFT analysis. We are interested in probing the
role of SO coupling on single- and two-particle correlated
dynamical responses and have gone down to tempera-
tures of order 19K, well inside the normal phase. We
discuss the results we obtained from DFT+DMFT cal-
culations on Sr2RuO4. The first-principles calculations
and subsequent wannierization provide us with 3 orbitals
active at the Fermi level (Fig 1). These orbitals are pri-
marily derived from Ru-4d and have reasonably large hy-
bridization with the O-p states at the Fermi level. While
the hybridization of the Ru-4d and apical Oxygens are
predominantly between Ru-4d dxz, dyz and O-2p px, py
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FIG. 1. (left panel) Band structure for Sr2RuO4 and Wannier fitting for the bands crossing the fermi level. (right panel) Band
characterization of the Wannier fit bands for Sr2RuO4. The contribution of the dxy, dxz and dyz orbitals respectively to the
maximally localized Wannier projected orbitals are shown in (b), (c), (d).
orbitals, the py, pz orbitals of the Oxygens in the RuO2
plane hybridize with the Ru dxy and dyz orbitals respec-
tively. The latter kind of hybridization is more favorable,
and is reflected in the energy range of 300 meV about the
Fermi energy, while the earlier one is relevant away from
the Fermi level (∼ 1 eV). These hybridizations lead to
dispersive electrons in the RuO6 octahedral geometry.
We perform wannierization with these three bands (of
mixed O − 2p-Ru − 4d character) and use the Wannier
fit to perform the DMFT. In Fig. 1 the band charac-
terization of the Wannier bands are shown. The three
figures Fig. 1(b), (c) and (d) respectively characterize
the dxy, dxz and dyz contributions to the bands crossing
the Fermi level. Although the rotation and mixing of the
original bands have taken place, the band characteriza-
tion, as is apparent in the Fig 1, allows us to refer to
them as nominally dxy, dxz, dyz bands respectively. Sub-
sequently we will take these Wannier bands as input of
DMFT and refer to them similarly for the rest of the dis-
cussion. We choose a value U=2.30 eV and JH=0.40 eV,
as prescribed in literature16 for Sr2RuO4. The choice is
motivated by the fact that it predicts the experimentally
derived values of local moment and quasi-particle weight
over a large range of temperatures. Imaginary parts of
the single-particle self-energy ImΣ(iωn) (Fig 2(b)) and
the Green’s function ImG(iωn) are plotted for individ-
ual orbitals over a range of temperature between 120K
to 19K. Two things are clearly visible from the results:
the intercepts of ImΣ(iωn) at ω=0 monotonically reduces
(Fig 2(c)) and approaches zero and ImG(iωn) becomes
more coherent as the temperature is lowered. The sys-
tematic retrieval of coherence is already evident from
ImΣ(iωn), and ImG(iωn). We fit ImΣ(iωn) to a fourth
order polynomial in iωn. We find that the mass enhance-
ment, which is related to the coefficient (c1) of the linear
term in the expansion m∗/m = 1 + c1, increases with
lowering of temperature (Fig 2(c)). It can be seen that
the xy orbital has a larger mass enhancement than the
xz and yz orbitals, and concomitantly the intercepts of
ImΣ(iωn) at ω=0 are larger for xy orbital than the other
two (Fig 2(c)). The m∗/m for dxy is 5.8 and for dxz, dyz
are 4.5 in excellent agreement with experiments and
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FIG. 2. (a) Crystal structure of Sr2RuO4 with (space-group I4/mmm (139)) high symmetry tetragonal structure (a=3.8606
A0 and c=12.70658 A0). (b) The ImΣ(iωn) and ImG(iωn) for three orbitals (dxy, dxz, dyz) over a range of temperatures show
retrieval of coherence at lower temperatures. (c) The intercepts of ImΣ(iωn) at ω=0 and the renormalized mass enhancement
factors m∗/mDFT are shown for a large range of temperatures. (d) The dynamic spin susceptibilities (χs,loc(τ)) over a range
of temperatures show the tendency towards retrieval of a low temperature Fermi-liquid phase. (e) The local static spin
susceptibility χs,loc(T ) as a function of temperature shows the low temperature Fermi-liquid phase sets in at ∼ 41K, where the
nature of the susceptibility deviates from singular Curie-Weiss behavior.
earlier theoretical studies. On the other hand, from these
results, the non-Fermi-liquid to Fermi-liquid cross-over
that is observed in experiments around 25K, cannot be
demonstrated cleanly. We switch over to static and dy-
namic vertex corrected spin and charge susceptibilities
to glean whether the incoherence to coherence cross-over
is reflected in the two-particle sector: it often happens
that a low energy single-particle description might not be
adequate to trace such cross-over scales associated with
multi-particle dynamics. The local dynamic spin suscep-
tibilities (χs,loc(τ)) have been plotted against τ (Matsub-
ara time) for a large range of temperatures (Fig 2(d)).
We also find out the time integrated static local spin sus-
ceptibility (χs,loc(T )) (Fig 2(e)). χs,loc(τ) below ∼ 41K
seems to have a zero intercept at τ = β/2 and a τ2 be-
havior around τ = β/2, while for higher temperatures the
intercept is finite and large and increases with a rise in
temperature. χs,loc(τ) also deviates from a low-energy τ
2
behavior with increasing temperatures. To add to that,
χs,loc(T ) clearly shows a deviation from its high tem-
perature Curie-Weiss behaviour at ∼ 41K. Although
the low temperature behavior of χs,loc(T ) below 41K is
not Pauli-like, indicating that the spins are not quenched
completely below this temperature, the strong deviation
from Curie-Weiss behavior is a signature of emergence of
a low temperature coherence scale. The dynamic local
charge and orbital susceptibilities (χc,loc(τ), χo,loc(τ)),
however, remain more singular than the spin susceptibil-
ity down to the 19K, and while the spin fluctuations are
quenched partially, the static local charge and orbital sus-
ceptibilities (χs,loc(T ), χo,loc(T )) remained Curie-Weiss-
like down to 19K. The consequences of the same will be
discussed in a separate study and we skip it for now.
However, experimentally, the orbital degrees of freedom
also seem to get quenched partially at lower tempera-
tures which is not reproduced in the present analysis.
An account of this may need the inclusion of SO cou-
pling within the first-principles calculations.
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FIG. 3. (a) The in-plane (tab) and out of plane (tc) hopping elements for Sr2RuO4, extracted from real space Wannier hopping
matrix showing the 2D electron itinerant nature (a=3.8606 A0 and c=12.70658 A0) (b) The ImΣ(iωn) and ImG(iωn) for three
orbitals (dxy, dxz, dyz) are shown over a range of temperatures. (c) The intercepts of ImΣ(iωn) at ω=0 and the renormalized
mass enhancement factors m∗/mDFT show orbital specific retrieval of coherence at low temperatures. (d) The dynamic spin
susceptibilities (χs,loc(τ)) for a range of temperatures show tendency towards retrieval of a low temperature Fermi-liquid phase.
(e) The local static spin susceptibility χs,loc(T ) shows the low temperature Fermi-liquid phase sets in at ∼ 23K, where the
nature of the susceptibility deviates from singular Curie-Weiss behavior.
A significant lifting of orbital degeneracy can suppress
the orbital moment at low temperatures. From a
GGA+SO calculations we find that the orbital degenera-
cies are lifted at different k-points across the Brillouin
zone by different amounts. The maximum value of SO
splitting is ∼ 130 meV while it is negligible at some sym-
metry points. The effect of SO, however, can hardly be
realized by looking at the momentum integrated density
of states of Sr2RuO4 across the Fermi level. We find
that the nature of O − p and Ru − d hybridization re-
mains more or less similar to the results without SO. We
identify the bands active at the Fermi level and perform
the wannierization. Similar to our previous calculations,
three Wannier fit orbitals have predominant contribu-
tions from Ru − dxy, dxz, dyz orbitals. We perform our
DMFT calculations using these SO-coupled orbitals.
With SO included, the DMFT self-energies (Fig 3(b))
have similar qualitative features as without SO, though
the details are significantly different. Here again the in-
tercept of ImΣ(iωn) (Fig 3(c)) at ω=0 decreases with
increasing temperature, but the drop is sharper and non-
monotonic across 24K. The m∗/m is, in turn, found to
increase sharply across it (Fig 3(c)). Both ImΣ(iωn) and
ImG(iωn) can be found to have sharp change of slope
below iωn=0.03 eV (Fig 3(b)), marking the advent of co-
herence below T= 24K. At this point we look at the
two-particle vertex corrected responses. The χs,loc(τ)
(Fig 3(d)) shows Fermi-liquid features, with a τ = β/2
intercept ∼ 0 and τ2 behavior at low energies, below
24K. The χs,loc(T ) (Fig 3(e)) seems to be deviating from
the high temperature Curie-Weiss behavior precisely be-
low the same scale of T , marking the emergence of co-
herence in the system. Hence, the scenario with SO is
distinctly different from the scenario without SO. With
6FIG. 4. The crystal structure of Ca2−xSrxRuO4 with high
symmetry (space-group I4/mmm 139) tetragonal structure
(a=7.52 A0 and c=24.1645 A0).
SO included, both the single and two-particle static and
dynamic responses register the emergence of coherence
quite consistently. The local orbital dynamic susceptibil-
ities get suppressed at low temperatures in the present
analysis and become significantly smaller than the lo-
cal spin susceptibilities. The lifting of degeneracy in the
orbital sector due to SO coupling is responsible for the
quenching of orbital moment. The dynamic local charge
susceptibilities, however, still remain divergent and sin-
gular down to 19K implying a soft charge fluctuations
down to the lowest temperatures. The values of real
space hopping we get from wannierization are also sug-
gestive. The relative magnitudes of the in-plane and out-
of-plane hopping elements provide insight into the effec-
tive dimensionality of the material. The c/a ratio for
Sr2RuO4 is 3.294 and the itinerant electrons have the
in-plane hopping elements nearly an order of magnitude
larger than their out of plane counterpart (Fig 3(a)). The
system is quasi-2D in this case, supported also by a large
resistivity anisotropy ratio15 (ρc/ρab ∼ 200) and lesser
hybridization between the apical Oxygens and Ru 4d t2g
orbitals. It would be interesting to see whether the re-
placement of Sr by a smaller cation Ca leads to any kind
of dimensional cross-over, and whether that cross-over
encounters a structural or magnetic critical point.
II. Ca1.5Sr0.5RuO4 : GGA+ SO +DMFT
RuO6 octahedron gets distorted (Fig 4) significantly as
the smaller Ca cation replaces Sr. As suggested from ex-
periments41,42, the distortion takes place in steps: first a
rotation of the octahedra about the c axis takes place and
then a tilt of the octahedra, followed finally by a flatten-
ing of it. Ca1.5Sr0.5RuO4 undergoes the first two kinds
of distortions, starting from a nearly clean undistorted
RuO6 octahedra in Sr2RuO4. The GGA calculations al-
low us to see the primary changes in its band structure
thereon. The Ru-4d bands get significantly narrowed in
this case and the eg orbitals contribute finite density of
states at the Fermi level alongside the t2g orbitals. Al-
though the contribution from eg is much less than t2g, it
is finite and not negligible compared to t2g-like density
of states at the Fermi level for Sr2RuO4. The dxy or-
bital is the majority contributor to DOS, with a sharp
Van-Hove like feature within an energy range of 50 meV
of the Fermi level. The dyz and dzx orbitals are sec-
ondary contributors. While py and pz orbitals of in plane
(RuO2 plane) Oxygens hybridize strongly with the Ru 4d
at the Fermi level, px and py orbitals of apical Oxygen
hybridizes strongly with the Ru 4d nearly 700-800 meV
away from the Fermi level. However, Wannierization and
band characterization suggest that the Wannier fit bands
can be identified (similar to Sr2RuO4) as predominantly
dxy, dxz, dyz-derived as shown in the band characteriza-
tion plot in Fig 5. The sharp Van-Hove feature close to
the Fermi surface and significantly narrow band-width of
the Rud orbitals already place the material close to a
ferromagnetic Stoner instability.
We use these three Wannier-fit (projected using the
dt2g bands) bands as inputs for DMFT. The DMFT
calculations are performed with U = 3.0eV and JH =
0.6eV . The rationale behind these parameter values is
again the same − the local static quantities are repro-
duced for a range of temperatures with these parameters.
These numbers are larger than the corresponding num-
bers for Sr2RuO4, for the bandwidth of the bands cross-
ing the Fermi level has decreased significantly now due to
smaller cationic distortion. ImΣ(iωn) and ImG(iωn) are
plotted as functions of iωn in Fig 6(b) and they show ten-
dencies towards enhanced coherence with lowering tem-
peratures. However, unlike Sr2RuO4, here the material
remains non-Fermi-liquid down to the lowest tempera-
tures probed. The intercept, as shown in Fig 6(c) of
ImΣ(iωn) at iωn=0 is nearly independent of temperature
and remains large and finite down to the lowest temper-
ature. The orbital selective nature of the ImΣ(iωn) can
be gleaned now from the fact that dxy orbital has a very
small intercept at iωn=0 compared to dxz and dyz or-
bitals, but the mass enhancement factors for the dxz and
dyz orbitals steadily decrease with lowering temperature
(Fig 6(c)). The dependence is not as monotonic for dxz
orbital. This can again be corroborated by the orbital-
specific ImG(iωn): dxz and dyz orbitals have metallic
coherent features while the dxy
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FIG. 5. (left panel) Band structure for Ca1.5Sr0.5RuO4 and Wannier fitting for the bands crossing the fermi level. (right
panel) Band characterization of the Wannier fit bands for Ca1.5Sr0.5RuO4. The contribution of the dxy, dxz and dyz orbitals
respectively to the maximally localized Wannier projected orbitals are shown in (b), (c), (d).
orbital is semi-metallic with a pseudo-gap energy scale
that starts getting lower with lowering temperatures.
We probe the two-particle dynamics and static spin and
charge responses for Ca1.5Sr0.5RuO4 below.
We note an interesting fact that χs,loc(τ) (Fig 6(d))
has a completely different functional dependence on τ
at high temperatures (between 600K to 120K) and at
lower temperatures (below 120K). The high tempera-
ture χs,loc(τ) suggests that even at low energies the
spin is completely unquenched, while partial quenching
of spins at low energies begins below 100K. Thereafter,
as the temperature is lowered, the spin quenching in-
creases, but χs,loc(T ) (Fig 6(f)) suggests that the re-
sponse remains Curie-Weiss-like down to the lowest tem-
peratures that we could access within our CT-QMC anal-
ysis. Two important observations may be noted at this
point. Firstly, the χs,loc(τ)/χs,loc(β/2) follows a beau-
tiful scaling (Fig 6e) as a function of τ/β for the tem-
perature range between 120K to 30K, with the func-
tional form Sin(piτ/β)−(1− α) and the scaling exponent
α=0.10. And secondly, χs,loc(T ) (Fig 6(f)) for this mate-
rial, in this temperature range, is more than an order of
magnitude larger36 than χs,loc(T ) for Sr2RuO4. And fi-
nally, the linear fit to the χ−1s,loc(T ) vs T curve shows a θc
(from χ−1s,loc(T ) = T + θc) which is positive and large (41
K). All these signatures unambiguously indicate a strong
quantum critical ferromagnetic fluctuation arising from
a temperature which is possibly lower than our reach
within CT-QMC at x = 0.5. This could well be a critical
end point (T = 0, x = 0.5) as there is no experimen-
tally reported structural transition either suppressing or
facilitating the critical ferromagnetic fluctuation at this
point43. The orbital selective pseudogapped44 nature of
the density of states and non-Fermi-liquid self-energy re-
sponse also act as supportive informations for the obser-
vation of quantum criticality, which has been rigorously
shown to be existing in different contexts45–48in litera-
ture, with similar single-particle responses.
Both the field variables ImG(τ)/ImG(β/2) and
χs,loc(τ)/χs,loc(β/2) scale as functions of τ/β which sug-
gests that temperature is the only scale in this parameter
regime. The scaling functional form Sin(piτ/β)−(1− α),
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hints that a conformally invariant boundary field theory
is a good field theory for Ca1.5Sr0.5RuO4, and hence the
criticality is strictly local. At this point we again choose
to probe the relative scales of in-plane and out-of-plane
hoppings and find that they have not changed signifi-
cantly at all from the parent compound Sr2RuO4. The
c/a ratio turns out to be 3.30 which is nearly similar at
x = 2.0. What interests us here, is the ratio of the in-
plane and out-of-plane hopping scales. The out-of-plane
hopping along the z direction is not suppressed at all;
both in-plane and out-of-plane components (Fig 6(a))
are nearly of the same order of magnitude. The effec-
tive three dimensional nature of the electron hopping
suggests that in spite of having a similar c/a ratio the
x = 0.5 material is 3D in electron itineracy, unlike its
x = 2.0 counterpart. It’s worth noting, at this point,
that c/a ratio can not be the lone parameter deciding
the effective dimensionality of a bulk single crystal. The
distortion-induced changes in the Rud and apical Op hy-
bridization scales are equally important in determining
the effective dimensionality. This effective dimensional-
ity, critical ferromagnetic spin fluctuations, finite tem-
perature Curie-Weiss spin susceptibility, enhanced pos-
itive θc, finite temperature scaling collapse of dynamic
spin susceptibilities, and absence of any magnetic, orbital
or charge ordering down to lowest temperatures suggest
that x = 0.5 is critical. This is again of paramount in-
terests, as it is already reported in literature43 that there
is a T − x line that separates the Ca2−xSrxRuO4 phase
diagram in to two regions; one with two fold in-plane
susceptibility-anisotropy (at lower x below x=0.5)49 and
the other region for x > 0.5 without any anisotropy. This
suggests that there is already reasonably compelling ev-
idence that this x = 0.5, T = 0 could well be a quantum
critical end point of the second-order structural transi-
tion. Having observed the criticality at x = 0.5, it would
9FIG. 7. Crystal structure of Ca2RuO4 with lowered symme-
try L-Pbca structure a=5.3869 A0, b=5.6334 A0, c=11.7349
A0.
be worth seeing, what is the effect of the critical fluctu-
ations at lower x values. We choose to probe Ca2RuO4
on a similar line.
III. Ca2RuO4 − LPBCA : GGA+DMFT
As experimental evidences suggest36,49, Ca2RuO4 has
an AFM Mott insulating state below 113K. Between
356K and 113K it is a paramagnetic Mott insulator and
above 356K, a paramagnetic bad metal. The metal to
Mott insulator transition at 356K is associated with a
structural transition from a L-Pbca (Fig 7) to S-Pbca
structure. We first do GGA calculations using L-Pbca
structural inputs from experiments, perform Wannieriza-
tion, apply local correlations within DMFT scheme on
Wannier-fit orbitals (Fig 8) and look for a Mott metal-
insulator transition. While all the d orbitals have sub-
stantial contributions to the DOS at the Fermi level,
dyz, dxy, dz2 have the dominant contributions. There
are sharp Van-Hove features near the Fermi level, but
they are farther from the Fermi level than those in
Ca1.5Sr0.5RuO4. However, the bandwidth for the dis-
persive d orbitals are even lower in this case than the
x = 0.5 material. The highly distorted octahedra allows
for strong hybridization between all Rud orbitals and O p
orbitals: the apical Oxygen px, pz and in-plane Oxygen
px, py, pz have sufficient hybridization with Rud orbitals.
All these facts put together, the L-Pbca intrinsically has
the tendency towards nesting and thence antiferromag-
netic fluctuations that can stabilize a low temperature
AFM ground state with a gain in energy ∼ t2/U . But the
L-Pbca structural details do not explain why it should be-
come a Mott insulator below 356K. It is often suggested
in the literature34 that the L-Pbca to S-Pbca structural
transition drives the Mott transition associated with an
orbital ordering49 across 356 K. However, Gorelov et al.,
do not get any orbital selective Mott transition for the
L-Pbca phase within their analysis down to 300 K. After
wannierization of the GGA band structure for L-Pbca,
we employ local correlations within DMFT+CT-QMC
framework and try to see if there is Mott transition some-
where at lower temperature. Subsequently the questions
of interest are; what is the nature of the Mott insula-
tor? Re-paraphrased somewhat, whether all the active
orbitals become Mott insulating or there is orbital selec-
tivity? How do the DMFT results compare with avail-
able ARPES results? And finally, is the desired Mott
Insulating state recovered at 356K if the S-Pbca struc-
ture is subjected to local correlations within GGA+U?
We choose U = 3.1eV and JH = 0.7eV for the present
analysis34. As the temperature is lowered from 1000K
to 360K, we observe that unlike the rest of the materials
that we have studied, there is no monotonic tendency for
ImΣ(iωn) and ImG(iωn) (Fig 9(b)) towards coherence.
Rather, orbital specific loss of coherence can be clearly
observed by lowering the temperature50,51. Finally it is
found that the dxy orbital becomes Mott gapped with
consistent singular low energy features in the ImΣ(iωn)
below 250K. The opening of the charge gap is clearly or-
bital selective51 in nature, as other orbitals remain metal-
lic as far as their single-particle dynamic responses are
concerned, down to the lowest temperature. One im-
portant point to note is that for Ca1.5Sr0.5RuO4, the
orbital with primarily dxy character was the one that
became pseudogapped and for x = 2.0 the orbital with
major contribution from dxy becomes Mott gapped be-
low 250K (Fig 9(c)). The critical Mott temperature, as
is apparent, is much lower than the experimentally re-
alised 356K scale. ARPES studies do suggest50,51 that
the transition is orbital selective in nature, although the
absence of orbital-selective Mott nature is also supported
by one ARPES study52 and one theoretical study34. Not
much can, however, be concluded from the intercept of
ImΣ(iωn) at iωn = 0 and the orbital specific mass en-
hancement factors (Fig 9(d)), except for the fact that the
intercept becomes extremely large in proximity of Mott
transition. We find that ImΣ(iωn) becomes singular be-
low a critical Mott temperature, and the quasi-particle
description becomes somewhat untenable.
In the two-particle sector, χs,loc(τ) (Fig 9(e)) suggests
that the local moment remains unquenched at all en-
ergy scales in the temperature range between 800K to
400K. However, although spins remain singular down to
the Mott critical temperature (Tc,Mott), the behavior just
above 356 K is deviant from Curie-Weiss. The high tem-
perature χs,loc(T ) is strictly Curie-Weiss within our anal-
ysis though, and a χ−1s,loc(T ) vs T linear fit remarkably
predicts θc to be negative (-23 K) (Fig 9(f)), suggesting
that the material is in proximity of a low temperature
antiferromagnetic Mott instability. As is well know from
the literature, the system does have an antiferromagnetic
insulating ground state below 113 K. This, in fact, is a
success of our local analysis which correctly predicts the
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FIG. 8. (left panel) Band structure for Ca2RuO4 and Wannier fitting for the bands crossing the fermi level. (right panel) Band
characterization of the Wannier fit bands for Ca2RuO4. The contribution of the dxy, dxz and dyz orbitals respectively to the
maximally localized Wannier projected orbitals are shown in (b), (c), (d).
local instabilities in the excited spectrum that can lead
to ground states realized in experiments.
We would like to point out that it is not possible
to properly trace a self-consistent Mott metal-insulator
transition across 356K within our local analysis which
does not include the structural transition34 at 356K, role
of phonons and the likelihood of an orbital ordering53–55.
We start with a high temperature L-Pbca structure and
cool the system down to 250K. We observe that there is a
possibility of an orbital selective Mott transition around
this temperature. Next we performed a GGA calcula-
tion with the S-PBCA structure and included local Hub-
bard correlations within the GGA+U framework. We
find that there is a Mott transition around 340K. This
Mott transition, via the structural transition, has already
been studied in literature34. It is interesting to compare
the relative scales of local correlations U and JH with the
band-widths of the dispersive electronic orbitals around
the Fermi level across the series. Sr2RuO4 has a larger
bandwidth (W ), roughly 2.8 eV, and the U/W ratio is
about 0.89, while JH/W is 0.18. The Mott criteria sug-
gests that U/W has to be of order one or more to facili-
tate a Mott transition. A comparatively large JH/W in
addition takes the system away from the proximity to a
Mott transition, as the system is less than half filled. For
Ca2RuO4 the effective bandwidth of the bands crossing
the Fermi level is only ∼ 1eV . The large distortion of
the octahedra narrows the d t2g bands significantly and
leads to increment in the U/W , driving the material to
the proximity of a Mott transition via a structural tran-
sition. This effectively pushes the system away from the
Hund’s limit and puts it in the Mott limit. The L-Pbca
to S-Pbca transition is again associated with a flattening
of the octahedra with nearly 10% decrease in c/a ratio
at 356 K. An important point to note here is the relative
values of the in-plane and out-of-plane effective hopping
for Ca2RuO4 (Fig 9(a)). Figure 9(a) clearly shows that,
even inside the L-Pbca phase, just above the Mott transi-
tion, c/a is ∼ 2.06 and the out of plane hopping is signifi-
cantly suppressed in comparison to the in-plane hopping
scale, tc/tab ratio being 0.3 at x = 0. The nearly 2D na-
ture49 of the Ca2RuO4 bulk single crystal is in marked
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contrast to its x = 0.5 counterpart, as far as the effective
dimensionality (measured by tc/tab ratio ∼ 1 and c/a
ratio 3.3 for x = 0.5) is concerned.
Put together all these and the previous theoretical
and experimental findings, we see that the T = 0, x = 0.5
is a quantum critical end point of a second-order struc-
tural transition separating two quasi 2D-systems on both
sides, to its right (x > 0.5) as well as left (x < 0.5)
(Fig 10). As far as crystal structures are concerned, the
x = 2.0 structure has higher crystal symmetries than
the one at x = 0.0. The dynamic in-plane suscepti-
bility, its anisotropy and variation across the Brillouin
zone (different momentum vectors) at different energy
scales41,43 also support the fact that an effective dimen-
sional crossover attends the structural transition. Inter-
estingly, the critical end point is also associated with a
strong local ferromagnetic fluctuation extending to finite
temperatures and x away from 0.5. The order of magni-
tude increment in local static susceptibility at this par-
ticular point of the phase diagram and the falling of49
on both left and right side of x = 0.5, substantiate our
claims. Our findings, supported amply by experimental
results, therefore, raises an important question: is the
critical point purely structural in nature?.
At this moment we would again like to rely on the
detailed calculations and the results discussed in our
present work, and infer that, it is the structural change of
the crystal via replacement of larger cations with smaller
cations that leads to this rich structural and magnetic
phase diagram. Here, the structural changes are, there-
fore, the driving force behind the associated magnetic
transitions and dimensional reductions. But these analy-
ses of the microscopics of the fundamental crystal struc-
tures, rotations and hybridizations of the active bands at
the Fermi level, role of dynamic correlations on those
bands, their single and two-particle (vertex-corrected)
dynamic responses, allow us a fresh look into this impor-
tant series with K2NiF4 structure, the structural build-
ing block of another interesting unconventional supercon-
ducting series. The structural changes,
12
(a)
FIG. 10. Modified magnetic and electronic phase diagram for Ca2−xSrxRuO4 showing aspects of critical dimensional crossover
across x = 0.5. The ratio of tc/tab across the phase diagram explicitly shows the aspects of structural criticality at x = 0.5.
A Hund’s metallic phase spans the quantum critical regime at finite T and finite x emanating from T = 0, x = 0.5 end point.
The singular enhanced spin fluctuation associates the critical end point. The critical fan suppresses a low temperature Fermi
liquid phase to the right x > 0.5 and a magnetically order phase to its left x < 0.5. The octahedral distortions across the phase
diagram and Ru−O −Ru bond angles are shown in parallel panel.
the associated criticality, spin fluctuations and effective
dimensional crossovers are used as fresh looking glasses
into the iso-electronic series. However, it finally leads us
to one interesting and relevant question: does the quan-
tum critical end point of second-order structural tran-
sition lead to a quantum critical fan, much like what is
realized in high Tc unconventional superconductivity
56–58
or heavy fermion compounds59,60? Based on our analy-
sis, we believe we have established a modified magnetic
and electronic phase diagram for the series (Fig 10). The
paramagnetic bad metallic phase that emanates from this
end point towards higher temperatures for all x at and
away from 0.5, extends all the way to the right till x = 2.0
and to the left till x = 0.0. At x = 2.0, above 25 K,
the system is bad-metallic and at x = 0.0 the system is
again bad- metallic above 356 K. This leads us to infer
that the critical fan would be the one connecting the end
point (x = 0.5, T = 0) to x = 0.0, T = 25K (to the right)
and x = 2.0, T = 356K to the left. The iso-electronic
material is a Hund’s metal inside this critical fan, and
outside, it is a good metal (Fermi-liquid) below 25 K at
x = 2.0 and a magnetic material (either ferro or anti-
ferro) for x < 0.5. It is possible only at T = 0, that the
x > 0.5 good-metal of 2D nature without any magnetic
ground state can be tuned through the 3D critical end
point at x = 0.5 and made a magnetically ordered ma-
terial (metal and insulator respectively at 0.2 < x < 0.5
and 0 < x < 0.2) in the region x < 0.5. While our studies
suggest that at finite temperatures < 25K a good metal
for x > 0.5 can be tuned inside the critical fan and made
a Hund’s metal that finally crosses the other side of the
fan at x < 0.5 and becomes an antiferromagnetic insula-
tor. From our analysis, a strictly local one, the aspects of
local fluctuations, criticality, Fermi liquidity and Hund’s
metallicity can be well described. However, what it does
not describe are non-local low energy fluctuations that
may suppress the access to the T = 0, x = 0.5 critical
end point. Very recent experimental studies suggest that
the T = 0, x = 0.5 point is cluster glass37, which is be-
yond the scope of our local analysis. That will lead to
the modification of the phase diagram we have come up
with, where the critical fan will end at the boundary of
the cluster glass phase, and should not extend down to
T = 0. However, inclusion of the cluster glass phase does
not forbid the microscopics of the finite temperature as-
pects of criticality and the structure of the critical fan
sustaining a Hund’s metallic phase.
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